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CHAPTER  X 


nnooucnoM 

The  objective  of  this  investigation  hoe  boon  to  study  end  choree- 

tori to  the  TH _  cyliadricol  roooaent  cevlty  coablner  with  eaphssls  on 

laproving  the  undorotoadlng  of  the  pooolvo  design  paraaetars  of  this 
alcrowove  circuit.  Since  1971*  the  cyliadricol  resonont  cavity 

coablner  bos  been  widely  used  os  o  alcrowove  end  allliaeter  wave  cir¬ 
cuit  structure  for  ccablnlng  the  individual  IT  outputs  of  lapse t- 
lonlsatlon-Avalanche-Transit-Tlaa  (IMPACT)  diodes.  Rarp  and  Stover 

(1)  first  deaonstrated  the  use  of  a  TM _  cylindrical  resonant  cavity 

to  coablne  the  outputs  of  several  IMPACT  diodes  situated  in  coaxial 

circuits  (21  located  at  the  periphery  of  e  TH _  cavity.  Subsequent- 

ly  in  recent  years,  several  power  coablner  designs  (5-71  have  suc¬ 
cessfully  eaployed  this  type  of  circuit  in  coablnlitg  from  4  to  64 
IMPACT  diodes.  The  cylindrical  resonant  cavity  coablner  design  has 
been  successful  because  it  offers  nany  advantages  such  as  high  coab- 
ining  efficiency,  a  large  capacity  for  coablning  IMPACT  diodes*  aech- 
anlcal  and  electrical  frequency  tuning*  equal  anplltude  and  phase  dis¬ 
tribution  to  each  diode  circuit*  large  IP  power  generation  per  unit 
voluae*  end  ease  of  fabrication* 
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Statenent  of  :h«  Problsn 


Ivan  though  the  TM _  cylindrical  raaonaat  cavity  coabinar  haa 

been  vldaly  used,  tha  daalgn  of  tha  passive  coabinar  circuit  la  not 
yat  wall  doflnad  with  respect  to  developing  a  doaad  fora  solution 
for  tha  inpad anca  proaantad  to  aach  individual  IMPATT  dloda  for  any 
order  and  alta  coabinar.  Various  techniques  such  as  lapadanca,  S- 
par— tar,  and  transal salon  natrlz  nodalllng  have  boon  uaad  with 
good  rasulta  on  low  order  (i.e.  TMQ10)  coablnsrs  eaploylng  only  a  faw 
IMPATT  dloda  circuits.  however,  for  higher-order  coablnsrs  with  a 
largo  nuabar  of  dloda  circuits*  tha  axistlng  aodals  ara  not  accurate 
enough  and  ara  uaad  only  for  Inltld  design.  Tha  final  daalgn  la 
uaudly  derived  by  eaplrleal  adjus taunt  of  certain  coabinar  para- 

aatars.  Another  factor  affecting  optlaal  TM _  coabinar  design  Is 

achieving  aaxlaua  coablning  efficiency  vhich  la  Indirectly  related  to 
tha  coabinar  lapadanca  response.  The  specific  areas  of  Investiga¬ 
tion  to  be  presented  Include  cylindrical  resonant  cavity  coabinar 
theory  (Chapter  II),  cylindrical  raaonaat  cavity  noddling  (Chapter 
III),  and  the  characterisation  and  teat  of  a  teat  coabinar 

(Chapter  IV).  The  suanary  tad  conclusions  are  subsequently  presented 
In  Chapter  V. 
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CYLINDRICAL  RESONANT  CAVITY  CONBZVv'SR  THEORY 

Conoral  Characteristic? 

A  Vf  cosbinar  m  show  In  Figure  1  consists  of  ssvsrsl  INPATT 
ono 

dloda  circuits  located  around  tlis  periphery  of  s  cylindrical  cavity 
which  rcsoostts  in  s  TM  nods.  Resonant  csvlty  conblners  nay  opera t a 

OHO 

as  reflection  amplifiers,  inject loo- locked  oscillators,  or  free  run¬ 
ning  oscillators  depending  on  circuit  design  conditions.  Operating  as 
an  aapllfler  a  circulator  aust  be  used  with  the  resonant  combiner  to 
Isolate  input  and  output.  As  an  aapllfler,  IF  energy  is  coupled  to  the 
csvlty  TM_  E-field  through  s  probe  located  at  the  cavity  center  and 

OHO 

correspondingly  to  each  diode  circuit  vis  the  cavity  h- fie Id  which  cir¬ 
culates  circunferent tally  within  the  cavity.  The  anpllfisd  IF  wsvefors 
is  coupled  out  of  the  combiner  in  the  reverse  order.  As  an  oscillator, 
the  XKFATT  diode  circuits  set  a*  individual  sources  which  are  coablned 
and  locked  in  frequency  through  reactive  pulling  to  the  csvlty  resonant 
frequency.  A  1M _  combiner  has  W  resonant  frequencies  for  each  node 

OHO 

in  tdUch  oscillation  nay  occur  with  only  one  of  these  being  the  desired 

resonant  node.  Thus  for  proper  operation,  a  cavity  with  a  reasonably 

high  Q  aunt  be  uaad  to  synchronise  the  diode  circuits.  An  alternative 

•ethod  for  obtaining  ayuebr ounces  operation  in  Ujaction- locking*  In 

injnetloo- locking,  frequency  oynchronisntion  nt  the  cavity  frequency  in 

l 


obtained  by  using  a  low  level  RF  Input  to  which  the  diode  circuits  lock 
in  frequency.  Again  a  circulator  oust  be  used  to  isolate  input  and  out¬ 
put.  The  cylindrical  resonant  cavity  in  all  cases  performs  the  func¬ 
tions  of  distribution  or  combining  of  RF  power  and  also  operates  as  a 
tuned  circuit  or  bandpass  filter  due  to  its  resonant  characteristic. 


The  Cylindrical  Resonant  Cavity 


The  cylindrical  resonant  cavity  is  the  basic  microwave  circuit 

element  of  a  cylindrical  resonant  combiner.  A  cylindrical  resonant 

cavity  may  be  formed  by  placing  metallic  ends  on  a  short  section  of 

circular  waveguide.  The  solution  for  the  fields  existing  within  a 

cylindrical  resonant  cavity  can  be  found  in  several  books  [3,8].  The 

solution  proceeds  by  solving  for  the  cylindrical  wave  equation  with 

the  assumption  that  there  is  an  initial  induced  electromagnetic  field 

and  that  the  cavity  is  a  lossless  medium  containing  no  charge.  The 

resultant  fields  that  are  established  are  designated  as  either  TM 

■nq 

or  TE  modes  where  the  m,  n,  and  q  subscripts  refer  to  the  angular, 
mnq 

radial,  and  longitudinal  variations  within  the  cavity.  In  developing 

the  cylindrical  resonant  combiner.  Harp  and  Stover  chose  to  limit  the 

operation  of  their  combiner  to  the  TM  mode  where  0*1, 2,...  .  They 

ono 

did  so  because  the  field  variations  of  this  set  of  modes  as  shown  in 

Figure  2  were  correct  for  coupling  to  a  center  probe  and  to  a  number 

of  coaxial  circuits  at  the  periphery  of  the  cavity.  In  general,  modes 

with  longitudinal  variation  may  be  eliminated  fro*  consideration  by 

proper  choice  of  cavity  length,  leaving  TM _  and  TE _ _  modes  where 

wno  ■Eh) 
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art), 1,2,...  and  n-1,2,...  .  Two  of  the  1MJme  aodaa  are  ahown  in  Fig¬ 
ure  3.  Note  that  the  E-fiald  maximize  of  thee#  nodes  do  not  occur  at 
the  cavity  center  but  the  H-field  of  theae  oodea  continues  to  circu¬ 
late  around  the  cavity  vail.  There  exlat  an  infinite  nuaber  of  theae 
nodes  as  well  and  their  reaonant  frequencies  arc  deierulned  fron  the 
following  equations. 


fr(nu )=^T  •  "o’0, 

_ I _ _  jLm. 


where  a«cavity  radius 

^•nth  aero  of  the  ath  order  Bessel  function  J^x^) 

X^^nth  aero  of  the  ath  order  Bessel  function  J^x^)  . 

Tables  1  and  2  provide  representative  values  for  these  aeroes  which 

aay  be  found  for  example  in  Tables  of  Functions  by  Jahnke  and  Bade 

[16].  By  coaparlson  of  Tables  1  and  2,  it  aay  be  noted  that  there  are 

several  frequencies  where  the  TM  and  TE  nodes  overlap.  By  select- 

sbo  ano 

ing  n-0  and  n-1,2,...  various  TM  „  nodes  can  exist  within  a  cylindrical 

QUO 

cavity.  Only  the  TM^,  wq20*  ^40  *****  *•«*  UMd  in 

indrical  cavity  coabinsr  designs  [4-7]  to  date.  The  resonant  frequency 

then  for  a  TM000  node  would  be  determined  from  equation  (1)  by  subatl- 

tuting  a  value  for  x  •  From  equation  (1).  for  a  constant  resonant 

oo 

frequency,  a  larger  radius  cavity  and  a  larger  nuaber  of  diode  coaxial 
circuits  aay  be  obtained  by  using  a  higher  order  TM _ aode(l.e.  n»i). 

OGO 

There  are  difficulties  in  doing  this,  however,  because  the  frequency 


6 


Figure  2.  TM  Mole  Field  Configurations.  E-field  .  x, 
ono 

H- field 


Figure  3.  THHode  Field  Coeflguraetoee.  E- field  .  x, 

wnv 

g- fie  Id  ■*. 
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TABLE  1.  Ordered  Zeroes  X»  «'  VW 


9 

0 

1 

2 

3 

4 

5 

1 

2.405 

3.832 

5.136 

6.380 

8.771 

2 

5.520 

7.016 

8.417 

9.761 

12.339 

3 

8.654 

10.173 

11.620 

13.015 

15.700 

4 

11.792 

13.324 

14.796 

16.223 

TABLE  2.  Ordered  Zeroes  of  .T  (x^) 


0 

1 

2 

3 

4 

r-™" . .  ■ 

5 

B 

3.832 

1.841 

4.201 

5.317 

6.416 

2 

7.016 

5.331 

8.015 

9.282 

10.520 

3 

10.173 

8.536 

11.346 

12.682 

13.987 

4 

13.324 

11.7Q6 

13.170 

- 

- 

ee 
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separation  between  adjacent  1M  mo^s  as  shown  In  Figure  4  becomes 
smaller  as  n  increases.  Researchers  who  have  addressed  this  problem 
[5,7]  have  applied  mode  suppression  techniques  in  their  combiner  de¬ 
signs.  These  techniques,  although  effective  in  suppressing  undesired 
modes,  do  increase  the  loss  in  a  combiner  or  conversely  its  combining 

efficiency.  For  the  TM  mode,  the  field  variations  are  presented  as 

ono 

E,'E.X(S"r)  “ 

H.  =  j£>T,(%r) 

where  the  time  harmonic  variation  has  been  suppressed.  From  close 
inspection  of  these  two  equations,  it  can  be  seen  that  the  E-fleld 
has  only  a  z -component  and  varies  as  a  function  of  r  with  a  maximum 
intensity  at  the  cavity  center.  The  H- field  has  only  a  4-component 
and  also  varies  as  a  function  of  r  with  a  maximum  near  the  cavity 
side  wall.  Because  a  TM  ^  mode  has  no  4  variation,  the  placement  of 
IHPATT  diodes  is  not  critical  and  the  number  of  diodes  which  can  be 
used  in  a  cylindrical  combiner  is  limited  by  factors  such  as  circum¬ 
ferential  length  and  diode  package  else,  power  dissipation,  and  iso¬ 
lation  between  diode  circuits.  The  TM _  modes  have  similar  variation 

■no 

with  respect  to  radius  but  also  have  angular  variation  as  well  (see 
Figure  5).  In  the  design  of  a  cylindrical  resonant  combiner,  it  is 
highly  desirable  to  achieve  single  mode  operation  (i.e.  a  single  TM 

W1 

mode).  XMFATT  diodes  can  resonate  at  their  own  avalanche  frequencies 
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as  a  part  of  the  coaxial  circuits  or  they  may  be  synchronized  to  one 

of  the  nonaymmetrlcal  TM  modes.  If  an  IMPACT  diode  raaonatas  in 

mno 

one  of  these  modes,  not  only  will  RF  power  generated  by  that  diode 
not  couple  to  the  external  circuit  but  the  diode  may  become  unstable 
in  that  mode  and  result  in  failure.  When  the  IMPACT  diodes  of  a 
multidiode  cavity  combiner  resonate  into  their  own  loads,  the  output 
RF  spectrum  shows  distinct  resonant  lines  [6,7]  and  the  output  power 
thus  achieved  is  not  useful  for  amplification  or  as  a  source  of  RF 
power.  Thus  to  achieve  single  mode  operation,  a  resonant  combiner 
must  employ  a  high  Q  cavity  which  gives  this  type  of  combiner  a 
characteristic  of  being  a  narrowband  amplifier  or  tunable  source. 

The  unloaded  Q  of  a  cylindrical  resonant  cavity  may  be  found  by 
taking  the  ratio  of  the  energy  stored  in  the  cavity  to  the  power  dis¬ 
sipated  in  the  cavity  walls  per  cycle  times  2*.  The  unloaded  Q  for  a 

TM _ or  TM  ^  mode  is  given  by  [3,8], 

■lo  ono  . 


where  n ■■intrinsic  wave  impedance*  120*  ohms, 

Raskin  resistance,  sad 
d*eavity  height. 

From  Inspection  of  this  equation,  it  can  be  noted  that  the  unloaded 

eavlty  Q  of  a  TM _ or  TM _ mode  is  directly  proportional  to  the 

■no  ono 

order  of  the  mode  but  inversely  proportional  to  the  cavity  radius  for 
a  given  cavity  height.  The  unloaded  cavity  Q  is  also  inversely  pro¬ 
portional  to  the  square  root  of  frequency. 
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Coaxial  Diode  Circuits 

The  diode  circuits  In  a  cylindrical  resonant  coablnsr  each  coa- 
•4st  of  sn  IMPATT  diode  end  lapedenee  net chin t  transformer  placed  at 
one  end  of  a  coaxial  transmission  line  with  a  bias  feed  end  microwave 
absorber  load  placed  at  the  opposite  end.  The  purpose  of  the  Im¬ 
pedance  matching  transformer  Is  to  match  the  Impedance  of  the  com¬ 
biner  circuit  which  Includes  the  cavity  end  microwave  absorber  load 
responses  plus  the  Impedance  of  the  other  coaxial  lines  reflected 
through  the  cavity  to  the  small  Impedance  of  the  IMPATT  diode.  The 
Impedance  of  a  packaged  IMPATT  diode  typically  has  a  negative  resis¬ 
tance  component  on  the  order  of  -1  ohms  and  a  Inductive  reactance  com¬ 
ponent  of  approximately  6-4  ohms.  The  microwave  absorber  functions  as 
a  stabilising  load  for  the  IMPATT  diode  at  frequencies  away  for  the 

desired  TM _  node.  In  other  words  to  eliminate  runaway  oscillations, 

the  positive  circuit  resistance  must  be  greater  than  or  equal  to  the 
magnitude  of  the  negative  IMPATT  resistance.  In  operation,  standing 
voltage  and  currant  waves  exist  on  the  coaxial  lines  and  If  the  micro¬ 
wave  abeorber  load  position  Is  adjusted  so  that  a  current  maximum 
Is  located  at  the  cavity  midplane,  then  maximum  power  transfer  from 
the  coaxial  lines  to  the  cavity  or  vies  versa  occurs.  This  maximum 
power  transfer  occurs  because  the  standing  current  wave  easily  couples 
to  the  H-fleld  of  the  cavity.  The  magnitude  of  the  standing  waves 
and  hence  the  fraction  of  power  transferred  to  the  cavity  can  be  con¬ 
trolled  by  the  shape  of  the  mieroweve  absorber.  Various  geomstries  of 
the  microwave  absorber  such  as  flat,  partial  taper,  and  full  taper  as 
shoim  in  Plgure  6  have  been  investigated  (4-7).  The  flat  termination 
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haa  been  found  to  provide  the  boot  power  tronofor  or  combining  effi¬ 
ciency  but  it  narrowband  while  the  fully  tapered  termination  reaulte 
la  a  poor  combining  efficiency  and  haa  the  broadeat  bandwidth.  Micro* 
wave  deelgnera  have  lapleaented  partially  tapered  terminations  to 
achieve  moderate  baadwidtha  while  maintaining  acceptable  efficiency* 
The  equations  describing  the  Impedance  preeeated  to  an  IMPACT  are 
ahowa  later  in  Chapter  III. 


CHAPTER  in 

CYLIRD2ICAL  RESONANT  CAVITY  COMBINER  MODELLING 

There  ere  several  approaches  (e.g.  empirical  [5],  impedance 
12,6],  S-paraaet<sr  (7],  and  transmission  matrix  modelling  schemas) 
Including  combinations  of  these  which  have  been  applied  to  modelling 
an  N-diode  ?Hono  cylindrical  resonant  cavity  combiner  to  date.  The 
most  widely  used  model  is  the  Kurokava  combiner  model  |2)  which  is 
based  upon  determining  the  impedance (admittance)  presented  to  an  IMPATT 
diode  by  an  !H1  port  network  with  the  circuit  operating  as  a  free  run¬ 
ning  oscillator.  However,  the  full  potential  of  cylindrical  resonant 
combiners  employing  IMPATT  diodes  has  not  been  realised  with  the  axis* 
ting  combiner  models*  This  occurs  for  several  reasons.  First,  the 

» 

TN _  combiners  have  primarily  bean  designed  to  operate  as  free  run- 

ning  or  injection-locked  oscillators  due  to  the  Kurokawe  model.  In 
general  though,  the  circuit  conditions  for  optimal  performance  of  a 
coabtner  as  an  oscillator  differ  Iron  those  for  amplifier  operation. 

As  an  oscillator,  eondlderations  such  as  frequency  stability,  oscil¬ 
lator  FM  noise,  and  (usability  are  important  while  gain  and  bandwidth 
ere  predominant  la  amplifier  operation.  Is  both  cesee,  circuit  effi¬ 
ciency  is  of  importance.  The  circuit  requirements  for  am  oscillator 
ere  ouch  that  when  the  frequency  is  varied,  the  power  output  should  re¬ 
main  constant.  However  for  an  amplifier,  aa  the  input  frequency  varies 


at  a  given  power  level,  the  gala  should  reaaia  constant  over  the  head- 
vldt)i  of  the  aaplifiar.  Proa  the  circuit  vi egoist,  thia  requires  the 
device  iapedance  line  and  the  circuit  lapedaace  lino  to  track  oaa 
another.  Thua,  a  sore  accurate  TM _  coublner  aodel  ahould  be  able  to 

OQO 

include  a^llfler  operation  aa  veil*  Thia  iaveatlgatloo  haa  not  an- 
phaaiaed  developing  a  new  coublner  aodel  but  rather  the  study  and 

characterisation  rf  TM _ eoublaera  to  laprove  the  existing  Kurokawe 

aodel.  Secondly,  the  equivalent  circuit  eoupoeenta  of  the  Kurokawa 
aodeKe.g.  the  coupling  coefflcienta)  ere  not  aeceeelble  to  direct  ex- 
toraal  aeaeurcaent  and  uaually  aust  be  calculated  or  approxiaated. 
lastly,  the  Kurokawa  coublner  aodel  conaidera  the  coublner  to  be  a  eya- 
aetrlc  lt+l  port  network  with  no  coupling  interaction  between  pairs  of 
diode  circuits.  It  baa  been  found  (?)  that  when  the  maker  of  diode 
circuits  increases  beyond  approxlaately  4-g,  that  autual  coupling  ef¬ 
fects  beg.n  to  occur.  The  aodelling  of  autual  coupling  effects,  hov- 
ever,  is  presently  too  couplex  and  is  not  included  in  thia  investiga¬ 
tion.  Thia  chapter  is  generally  concerned  with  exanining  the  Kurokawa 
coublner  aodel  which  has  been  applied  frequently  to  coubiners 
and  deteraining  relations  for  soae  of  its  couponenta.  In  particular 
the  topics  to  be  diacuaaed  are  gaaeral  aodelling  of  two  port  resonant 
cavities,  the  Kurokawa  coublner  aodel,  and  equivalent  circuit  iapedance 
relatione  for  a  IH  coublner. 

Cuneral  Hodelllnt  of  TVo-Port  He sonant  Cavities 
Microwave  cavities  are  inherently  very  ceaplas  networks  with  aa 
infinite  a  unbar  of  natural  resonant  frequencies  sad  nay  be  aodelled 


with  either  leaped  equivalent  circuit#  or  «e  dletrlbuttd  trenMiieelon 


line#  bounded  by  known  diecontinuitlee  (10).  Zr  chin  eection  a  very 
general  luaped  eleaent  repreeentetloo  will  firet  be  presented  end  will 
be  followed  by  a  tingle  node  leaped  eleaent  network  nodal. 

General  kepresentetlon  of  Lossless  TUo-Fert  teeooent  network* 

In  ite  aoet  general  form  e  two-port  loeeleee  aicrowave  cavity  aey 
be  repreeented  by  the  network  ehoim  in  Figure  6.  Thla  circuit,  ea 
ehoun  by  Regan  (11)  end  Berlnger  (12),  la  derived  by  extending  Footer'# 
Reactance  Theorem  to  a  loaeleae  two-port  network  and  lead*  to  the  fol¬ 
lowing  open  circuit  reactanoee. 

XaCvbuLu -  6cu*  Y-M^uF)  m 

*»/ 

XM*U**~  fit +  m 

I Chf 

tech  reeonent  loop  in  thla  network  repreaente  one  of  the  natural  re- 
eooent  node*  of  the  cavity  and  the  capacitor*  and  the  ideal  transformer 
together  represent  direct  capacitive  coupling  between  the  input  and  out¬ 
put  termlnala.  Fractlcal  aicreweve  cavltiea  are  not  loaeleae  and  the 
dlealpatlen  in  the  cavity  my  be  accounted  for  by  including  a  serine 
resistor  in  each  resonant  loop  in  the  equivalent  circuit  of  Figure  I. 
fa  account  for  thin  aerlea  resistance  in  equation*  (14),  an  additional 


t? 


Cera  should  be  Included  In  the  denoalnstor  of  the  summations.  As  csn 
be  noted,  the  equivalent  circuit  of  the  cavity  nodes  is  described  by 
aeries  RLC  circuits.  Likewise,  the  cavity  nodes  nay  be  represented  by 
shunt  RLC  circuits.  The  choice  of  which  equivalent  circuit  to  use  is 
determined  by  the  reference  plane  of  aeeeuremnet  [9].  There  are  tvo 
terms  (i.e.  either  the  detuned  short-circuit  position  or  the  detuned 
open-circuit  position)  which  are  used  in  the  description  of  the  ref¬ 
erence  plane  position.  The  detuned  short-  or  open-circuit  impedances 
are  defined  as  the  impedance  of  the  network  when  excited  at  a  fre¬ 
quency  far  removed  from  the  resonant  frequency  of  the  network.  If  the 
detuned  short  circuit  position  were  used,  the  shunt  RLC  circuit  would 
be  appropriate  while  the  series  RLC  would  be  correct  when  the  detuned 
open-circuit  position  was  used.  With  respect  to  the  cylindrical  re¬ 
sonant  cavity  combiner,  the  equivalent  circuit  of  Figure  6  represents 
all  of  the  TM^o  nodes  possible,  however,  the  two-port  configuration 
la  not  representative  of  an  N+l  port  combiner  except  when  the  combiner 
is  considered  to  be  symmetrical. 

Single-Mode  Lumped  Element  Two-Fort  Resonant  Network  Model 

As  stated  earlier,  TM _ combiners  employ  relatively  high  Q  cylin- 

dr leal  resonant  cavities  whieh  are  designed  to  operate  in  a  single 
TMono  mode.  Each  of  the  infinite  resonant  modes  of  the  cavity  still 
exist  if  stimulated  but  are  assumed  to  be  sufficiently  removed  from  the 
desired  mode  so  that  their  equivalent  resonant  circuits  may  be  removed 
from  consideration.  Also,  the  direct  coupling  elements  may  be  removed 
if  found  to  be  smell  enough.  In  e  TM^o  coeblnei,  the  direct  coupling 
is  essumsd  to  be  smell  because  the  center  probe  end  coexlel  line*  are 
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not  In  close  proximity.  Ths  result  is  sn  equivalent  circuit  which  is 
composed  of  s  sinfls  series  1LC  or  shunt  RLC  circuit  rspresentiaf  e 


perticuelr  TH  ^  mode  with  ideel  trensformsrs  representing  the  coupling 
ooo 

of  the  input  end  output  circuits  ss  shown  in  Figure  7.  The  shunt  1LC 
resonent  circuit  end  ideel  trensformsrs  ere  used  in  s  classic  paper  by 
Kurokevs  to  model  s  resonent  waveguide  combiner  which  is  discussed 
Inter.  Before  describing  the  Kurokevs  model,  the  Q  factors  (l.e.  the 
loaded,  externsl,  and  unloaded  Q's)  of  a  two- port  luaped  element  re¬ 
sonent  network  are  given. 

Q  Factors  of  a  Lossless  TVo-Fort  keeonant  Network 
Consider  a  single-mode  lumped  element  resonant  network  as  shown  in 
Figure  7  below  which  represents  a  cavity  coupling  system  with  mstched 

input  and  output  impedances  and  Z. .  For  a  TH _ combiner,  Z  would 

b.  th.  .xt.ra.1  l**uc.  pruned  t.  th.  colter  ud  ^  mid  ru 
present  the  IKFATT  diode  circuit  impedances  in  perallel  for  a  sym¬ 
metric  combiner. 


Figure  7.  Single-Mode  Resonant  Cavity  Bqulvaleat  Circuit 


1  Z*' *v; 
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The  coupling  elements  arc  accused  to  ba  locclccc  (i.c.  bacauta  any 
loaa  aay  ba  caneellad  by  aultabla  choice  of  rafaranca  planes)  an d  no 
lntaraction  between  that  la  sssuaed  to  occur.  Tranaforalag  tha  gen¬ 
erator  and  load  drculte  to  tha  resonant  circuit*  tha  loaded  p  of  tha 
network  la  easily  determined  as* 

Q» _ _  Q. 

u  + 


Ql 


Z.G. 


£ 
Zl4 


<« 


<*•«  Q*«4C/St 


The  external  Q,  Q^,  is  the  Q  of  tha  external  network  only  and  for  tha 


circuit  of  Figure  7,  it  is  defined  as. 


Qm9 


<a)qC/Gc 


Ql L 
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Tha  Kurokswa  Combiner  Modal 

Kurokswa  in  1971  presented  a  paper  on  "The  Single-Cavity  Multiple- 
Device  Oscillator"  (2]  which  has  been  referenced  and  used  by  uany  re¬ 
searchers  in  the  combiner  area  to  node!  TH _  cylindrical  resonant 

ono 

cavity  coublners.  His  nodal  is  derived  froa  the  theory  already  pre¬ 
sented  in  this  chapter  except  that  the  circuit  he  uses  (l.e.  an  1*4-1 
port)  la  auch  uore  complex.  He  uses  a  single  shunt  KLC  circuit  to  re¬ 
present  the  resonant  cavity  (l.e.  a  waveguide  cavity)  and  lossless 
ideal  transformers  to  represent  coupling  to  the  cavity.  The  diode 
circuits  he  uses  are  identical  to  those  used  in  a  TH _  coabiner. 

OHO 

Kurokswa  takes  the  approach  of  solving  for  the  eigenvalue  equations 
for  the  network  adaittance  facing  each  IMPATT  diode  when  the  coabiner 


U  operated  es  a  free  running  oaeillator.  Namely  when, 

Y*|  =  N  Yo  «W 

libera  Y^  rapreaenta  the  admittance  of  the  H-port  network  and  Yp  repre¬ 
sents  the  admittance  of  a  single  IMPACT  diode.  Kurokawe  aaaumea  equal 
coupling  to  all  the  diode  circuita  end  neglects  any  coupling  between 
pairs  of  diode  circuits  through  the  resonant  cavity.  In  Kurokawe* a 
circuit (i.e.  a  rectangular  waveguide  combiner) ,  this  assumption  is 
correct  because  each  diode  circuit  must  be  spaced  by  half  wavelengths 
for  maximum  coupling  to  the  waveguide  H- field.  However*  the  seme  is 

not  true  in  a  IN  combiner  where  the  spacing  is  not  wavelength  de- 
ono 

pendent  and  isolation  between  each  diode  circuit  decreases  significant¬ 
ly  with  an  increasing  number  of  diode  circuits.  When  the  isolation  be¬ 
tween  diode  circuits  in  a  TM _  combiner  becomes  too  small*  the  IF 

voltage  amplitudes  of  eaeh  diode  circuit*  which  are  not  necessarily  in 
phase .  «rill  cause  single  or  pairs  of  diodes  to  resonate  at  frequencies 
lndep'tndent  of  the  cavity  resonant  frequency.  As  stated  earlier,  these 
mutual  coupling  effects  will  not  be  treated  here.  Kurokawe  also  dis¬ 
cusses  the  circuit  conditions  for  suppressing  uadeslred  modes,  stable 
operation,  and  injection-locking  and  presents  equations  on  circuit  ef¬ 
ficiency  and  noise  performance,  la  the  section  on  suppressing  un- 
daslr»«*  sodas,  Kurokawe  stated  that  the  coupling  coefficient  for  other 
modes  will  be  considerably  smaller  than  for  the  desired  node,  thus, 
eliminating  any  coding  problems.  However,  it  has  been  noted  by 
Naatroleanl  (6]  and  in  this  investigation  that  matched  coupling  can 
occur  simultaneously  to  more  than  one  mode  for  certain  circuit  con¬ 
ditions.  Thus,  IMPACT  diode  operation  in  en  undesired  TN^^  mode  ie 


car Cain ly  possible.  Kurokeva ,  In  his  modal,  uses  s  tapered  micro¬ 
wave  absorber  load  which  save  his  design  excellent  stability  (i.e. 
a  tapered  load  causes  matched  coupling  of  all  modes)  in  a  single 
mode.  The  tapered  load,  however,  resulted  in  poor  combining  ef¬ 
ficiency.  Because  Kurokeva  uses  a  tapered  load,  he  describes  the 
load  as  a  constant  equal  to  tha  characteristic  Impedance  of  a  50  ohm 
coaxial  air  line  which  in  the  general  caae  it  is  not.  Impedance  re¬ 
lations  ware  developed  for  a  flat  microwave  absorber  load  and  are 
presented  later  in  Chapter  III.  The  measured  versus  calculated  la* 
pedanca  of  a  microwave  absorber  load  is  presented  in  Chapter  IV. 


1M  Combiner  Equivalent  Circuit  Impedance  gelations 


In  this  section,  the  equivalent  circuit  relations  for  a  TM 

000 

combiner  which  is  based  upon  tha  Kuroksws  model  are  presented.  The 
impedance  presented  to  an  WATT  diode  will  later  be  computed  using 
this  model  and  then  compared  to  the  measured  results  in  Chapter  IV  to 
test  the  applicability  of  the  Kurokeva  model.  Other  approaches  to 
modelling  a  IK^  combiner  (i.e.  using  S-parameters)  were  considered 
but  S-parameter  modelling,  in  general,  does  not  provide  the  microwave 
designer  with  the  Information  necessary  to  predict  combiner  perfor¬ 
mance  as  a  function  of  circuit  parameters.  The  TH^  mode  wee  select¬ 
ed  in  this  investigation  so  that  circuit  interaction  with  modes  other 
than  the  desired  mode  could  be  characterised.  The  tX^  combiner 
equivalent  circuit  is  presented  in  Figure  I.  The  circuit  la  a  single- 
mode  **•!  port  resonant  network. 
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lapedance  Presented  to  en  IMPACT  Diode 

For  the  symmetric  single-mode  TM _  combiner  equivalent  circuit 

otto 

shown  in  Figure  8,  the  lapedance  presented  to  an  IMPACT  diode  by  the 
network  is  described.  As  stated  before,  the  lapedance  presented  to 
the  diode  is  based  on  the  oscillator  condition.  The  iapcdance  pre¬ 
sented  to  an  IMPACT  diode  can  be  determined  at  the  diode  plane  or  at 
the  cavity  midplane.  If  the  network  lapedance  is  determined  at  the 
cavity  midplane,  it  is  equated  to  a  transformed  diode  Impedance  (i.e. 
the  Impedance  of  the  diode  transformed  through  the  matching  transfor¬ 
mer  and  a  section  of  coaxial  line).  The  Impedance  of  the  coabiner 
network  at  the  cavity  mldplane  can  be  shown  to  be, 

Z„ 


where  Z^"*icrowave  absorber  lapedance 
^number  of  diode  circuits 
Q  "unloaded  cavity  Q 
QE-external  Q 

Next,  the  impedance  presented  to  an  IMPACT  diode  is  determined  by 
transforming  Z^  through  a  short  SO  ohm  section  of  line  and  a  X/4  trans¬ 
former.  The  Impedance  presented  to  the  X/A  transformer  Is  determined 
from 


Z#4 


(13) 


where  t  le  the  length  of  line  between  the  cevity  eidplane  and  the  X/4 
transformer.  A  calculator  program  to  generate  thle  lapedance  wee 
developed  and  la  provided  in  Appendix  B.  The  network  lapedance  which 
la  equated  to  the  diode  lapedance  la  subsequently  determined  using, 

z0=zx7z;  <«> 

where  X/4  transformer  lapedance. 

The  Batching  tranaforaer  lapedance,  Z^,  la  calculated  ualng, 

ZT  7"  (15) 

where  b-  radiua  of  the  coaxial  line  outer  conductor, 

a-  radiua  of  the  coaxial  line  center  conductor,  and 
«r"  dielectric  permittivity  conatant. 

A  prograa  callen  ZCOMB,  provided  in  Appendix  A,  waa  written  to  cal¬ 
culate  representative  valuea  of  Z^  as  a  function  of  frequency  for 
later  coapariaon  to  the  aeaaured  data. 

Reaonant  Circuit  Element  Relations 
Before  the  lapedance  presented  to  the  IMPACT  diode  can  be  cal¬ 
culated,  the  relatione  for  the  reaonant  circuit  eleawnts  aust  be 
known.  The  conductance  of  the  reaonant  cavity  may  be  shown  to  be  [8], 


which  is  determined  from  consideration  of  the  dissipated  power  in  the 

cavity.  Using  the  equation  for  unloaded  cavity  Q  (i.e.  Q*w  C  /G),  the 

o  c  c 

resonant  cavity  capacitance  can  be  described  as. 


Following  this,  ths  aquation  for  the  rasooaat  cavity  inductance  is 
2 

found  frou  w  -1/LC.  Tha  inductance  is, 

0 

I  -  I  77 

U- oF'  Jr<W7c^,T’0r«)  *  0 

Lastly  for  use  in  aquation  (12),  tha  aquation  for  /c  7i  is, 

c  c 


Microwave  Absorber  Impedance  Relations 
The  nicrowave  absorber  or  stabilisation  load  which  terminates  tha 
diode  line  can  be  viewed  as  an  infinite  coaxial  transmission  line  (i.a. 
due  to  the  significant  attenuation  characteristic  of  tha  absorber)  with 
complex  values  of  permittivity  and  permeability.  Tha  nicrowave  absor¬ 
ber  is  a  composition  of  iron  and  expoxy  called  ECCOSQRI  MF  116  (17). 

The  complex  values  of  permittivity  and  permeability  are  needed  because 
of  the  electric  end  aagnetic  properties  of  tha  ICCOSOR1  notarial.  Tha 
general  relation  for  the  characteristic  inpadancs  of  a  distributed 
transmission  line  can  be  used  to  describe  this  impedance  and  is  given 
as. 


The  individual  coupon an to  of  aquation  (20)  can  be  determined  from 
static  fields  and  are  defined  as. 


vktra  lg"  /*fft/o 

ft*  wo^pr“^MP 

ft-  «c(c;-j«p. 

It  Is  also  usoful  to  coaputa  tbs  attoauotloo  coos toot*  a,  for  this 
Material  which  nay  to  cooputad  frost. 


»  a 

«-  Re(  »)»  R«[/(R-»jwLX6+jwC) 


05) 


with  tho  substitution  of  squat loos  (21-24).  la  taros  of  41/co,  o 
la  gluon  as, 

o(4B/co)  •  ft. 414  X  l<f2  a(aepare/nster) .  (24) 


la  tha  sect ten  on  aoasuroaoats.  It  will  to  shown  that  tho  doflalag 
oquattoos  for  tho  Microwave  ahaortor  loo4  aro  cooperatively  accurate 
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CXAPTEX  IV 

THq20  TEST  CGNBIME*  CHAXACTEXIZATIOM 

The  objective  of  this  chapter  1*  to  characterise  a  TN020  teat 
coabiner  in  order  to  teat  the  applicability  of  ualng  the  Kurokawa 
nodal  aa  proposed  by  various  researchers  for  Modelling  higher-  order 
«ode  Multiple  diode  1H  combiners.  The  characterisation  consists  of 
presenting  test  data  on  single-  aad  two-port  Microwave  weasuraMents  on 
a  cylindrical  resonant  cavity  test  conblner  and  then  correlating  the 
Measured  taped ancea  of  the  coabiner  with  calculated  lapedaaces. 

H^2q  Tost  Coabiner  Description 

Sy  using  equation  (1)*  a  teat  coabiner  waa  designed  with  a 

resonant  frequency  of  10  Gils.  The  TMqjq  node  was  selected  for  the 
design  so  that  ths  relative  interference  froa  other  nodes  (e.g.  the 
IHjjq  node)  could  be  studied.  A  cross  section  of  the  test:  coabiner  is 
shown  in  figure  9.  This  test  coabiner  has  been  designed  with  features 
that  are  not  included  in  a  typical  coabiner  design.  The  test  coabiner 
has  four  coaxial  lines  in  which  the  iapedance  Matching  trsnsforners  aad 
EHPATT  diodes  have  been  replaced  with  .230"  seai-rigid  coax  and  type  II 
coaxial  connectors.  The  length  of  the  coaxial  lines  was  chosen  so  that 
later  use  of  IMFATT  diodes  in  the  coabiner  would  be  possible.  With 
this  Modification,  the  iapedance  presented  to  an  IMFATT  diode  can  be 
Measured.  The  test  coabiner  also  eaploys  aoveable  flat  profile  alcro- 
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wvt  absorber  terminations  and  provision  Is  mtdo  for  adjusting  the 
cavity  height  to  change  the  Q  of  the  reaonant  cavity  (l.o.  vltb  In¬ 
serts).  The  microwave  absorbers  were  nade  froa  the  ICCOSOKB  MF  116 
aaterlal  described  earlier  and  were  designed  to  be  positioned  1/6 
wavelengths  from  the  cavity  nidplane  when  fully  lnaertad.  The  Input 
to  the  test  coablner  la  also  a  .250"  coaxial  line  and  coupling  to  the 
cavity  is  accomplished  via  a  .025"  extension  of  the  center  conductor. 
One  additional  feature  the  test  coablner  has  Is  a  .250"  frequency 
tuning  plunger  which  la  located  opposite  to  the  coaxial  Input  line 
along  the  cylindrical  cavity  axis.  Modifications  to  the  existing  test 
coablner  for  use  with  IKFATT  diodes  include  replacing  the  coaxial  out¬ 
put  lines  with  diodes  aounted  on  a  water  cooled  copper  heatsink  and 
redesigned  coaxial  center  conductors  having  1/6  watching  transformers. 

THqjq  Test  Coablner  Measurements 

The  characterisation  of  the  test  coablner  was  primarily  accom¬ 
plished  using  an  H?  65656  Automatic  network  Analyser  (AKA) .  A  block 
diagram  of  the  AKA  measurement  system  la  shown  in  Figure  10.  Both 
manual  and  automatic  measurements  can  be  made  using  the  AKA;  however, 
only  manual  measurements  ware  performed  in  this  investigation  due  to 
the  requirement  for  making  broadband  measurements  to  observe  the  test 
combiner  response  in  several  reaonant  nodes.  Tba  manual  ns  inurement a 
wars  mads  by  taking  outputs  from  tba  AKA  and  recording  transmission  cm* 
efficient  end  impedance  data  using  am  Iff  7066A  X-Y  recorder .  Theme 
measurements  as  described  in  the  folleulag  paragraphs  consist  of 
•assuring  the  test  combiner  0,  combiner  Input  1 sped s nee,  combiner 

It 


coaxial  line  impedance,  and  combiner  tranemlsaion  coefficient. 


Combiner  Q  Meaaureaenta 

There  are  aeveral  techniques  to  measure  the  Q  of  a  resonant  cir¬ 
cuit.  These  techniques  can  be  grouped  into  transmission  methods. 
Impedance  measurement  methods,  transient  decay  methods,  and  dynamic 
methods.  Ginzton  [9],  in  his  textbook,  shows  a  fairly  accurate  graph¬ 
ical  method  of  determining  the  unloaded  Q,  the  external  Q,  and  the 
loaded  Q  of  a  resonant  cavity  using  the  Smith  chart.  His  graphical 
method  assumes  no  coupling  loss.  The  transmission  method  is  the  sim¬ 
plest  to  measure  but  only  the  loaded  Q  of  a  resonant  network  may  be 
determined  directly.  The  transient  methods,  which  consist  of  measur¬ 
ing  the  decay  time  of  an  RF  pulse,  are  also  accurate  but  only  when  the 
cavity  Q  exceeds  VL0,000.  Ginzton ’s  graphical  method  of  measuring  the 

TM  test  cavity,  combiner  circuit  Q's  has  been  used  and  these  values 
020 

for  different  cavity  heights  are  shown  in  Table  3  below. 

Table  3.  ™q20  ^av*ty  Te8t  CotI*iner  Measured  versus  Calculated  Q's 


Cavity 

height,  d(in.) 

™020  Center 
frequency  (GHz) 

% 

qe 

Q  (calc.) 

0 

.150 

9.96 

800 

800 

398 

3861 

.200 

9.97 

1108 

1108 

498 

4949 

.300 

9.98 

2494 

2494 

1247 

6895 

Note:  An  effective  radius  of  1.11  in.  was  used  in  calculating  Qq. 

For  the  measurements,  critical  coupling  to  the  cavity  was  accomplished 
by  adjusting  the  input  probe.  Thus,  the  coupling  coefficient  0»1, 


Q  -Q  ,  and  Q  *Q  /2.  The  Matured  Q's  as  can  be  noted  are  nuch  lover 
E  O  L  O 

than  the  calculated  values.  The  primary  reaeon  for  this  discrepancy 
la  that  additional  loss  exists  at  the  apertures  for  the  coaxial  lines. 
The  coaxial  line  center  conductors  were  removed  to  achieve  minimum 
coupling  to  the  lines  during  the  Q  measurements.  However,  the  scal¬ 
loped  contour  at  the  cavity/coaxial  line  interface  does  Increase  the 
losses  of  the  cavity.  The  graphical  method  of  measuring  circuit  Q's 
is  shown  by  the  example  in  Figure  11. 

Combiner  Input  Circuit  Measurements 
These  measurements  consist  of  characterizing  the  Input  impe¬ 
dance  response  of  the  TMqjq  test  combiner  under  two  conditions.  The 
first  condition  is  where  all  the  coaxial  line  center  conductors  at 
the  periphery  of  the  cavity  are  removed.  The  equivalent  circuit  of 
the  test  combiner  then  reduces  to  a  single-port  shunt  resonant  net¬ 
work  with  a  single  ideal  transformer  representing  the  coupling  to  tUe 
cavity  (Figure  12) .  With  this  modification,  the  cavity  has  no  ad¬ 
ditional  loading  from  the  coaxial  lines  and  the  response  of  the  shunt 
resonant  network  shown  can  be  observed.  Also,  the  unloaded  and  loaded 
values  of  circuit  Q  were  obtained  this  way.  The  second  condition  is 
where  all  the  coaxial  lines  are  present  and  are  terminated  in  50  ohm 
loads  in  order  to  duplicate  the  circuit  conditions  of  an  ideal  combiner 
(i.e.  one  in  which  there  are  no  mismatch  losses).  The  input  Impedance 
for  both  conditions  have  been  measured  with  two  different  cavity 
heights  as  shown  in  Figures  13  and  14.  The  purpose  of  varying  the 
cavity  height  is  to  affect  a  change  in  the  unloaded  cavity  Q.  For 
these  measurements,  the  input  probe  depth  has  been  adjusted  to  achieve 
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Figure  12. 


TM  Combiner  Equivalent  Circuit  with  Coaxial 
ono 

Lines  Removed 


critical  coupling  at  the  canter  frequency  of  the  TMgjg  node .  Also, 

•  reference  plane  extension  on  the  network  analyser  la  adjusted  so 
that  the  input  phase  to  the  combiner  is  correct.  When  the  coaxial 
lines  were  in  place,  the  aicrovave  absorber  loads  were  positioned  so 
the  standing  current  wave  on  each  coaxial  line  would  coincide  with  the 
cavity/coaxial  line  aperture  for  maximum  power  transfer  to  the  loads 
in  the  coaxial  lines.  The  equivalent  circuit  with  coaxial  lines  is 
that  of  Figure  8  and  it  is  expected  that  the  coaxial  lines  will  load 
down  the  response  of  the  cavity  which  it  does  by  looking  at  Figure  13 
or  14.  This  is  because  the  loaded  Q,  which  is  governed  by  equation  (9) 
where  8^  represents  the  coaxial  line  coupling  coefficient,  decreases. 
For  the  .ISO"  high  cavity,  the  center  frequency  of  the  IM^g  node  was 
9.96  GHz  with  no  coaxial  lines  present  and  decreased  to  9.82  GHz  when 
the  coaxial  lines  were  Included.  The  center  frequency  decreased  be¬ 
cause  the  center  probe  had  to  be  inserted  further  to  achieve  critical 
coupling.  The  resonant  frequency  of  a  cylindrical  cavity  will  decrease 
with  any  perturbation  according  to  the  relation  [8], 

AUM  -  l/Z  ^  (27) 

where  V  is  the  volume  of  the  cavity  and  AV  is  the  volume  of  the  per¬ 
turbation.  With  no  coaxial  lines  the  unloaded  and  loaded  cavity  Q 
values  were  664  and  332,  respectively,  and  decreased  to  240  and  120 
with  the  addition  of  the  eoaxlal  lines  which  is  approximately  a  2/3 
reduction  in  Q.  With  the  coaxial  lines  in  place,  the  microwave  ab¬ 
sorber  loads  were  positioned  1.385  cm  0*1/2)  from  the  midplan*  of  the 
cavity.  There  exists  an  open  circuit  at  the  microwave  absorber  load, 
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and  thus,  a  current  maxima  occurs  at  A/2  vavalengtha  toward  the 
eavlty  or  at  tha  cavity  aldplana.  Using  a  .300"  high  cavity,  tha  can¬ 
ter  frequency  of  the  TM^q  mode  was  9.975  GHz  with  no  coaxial  lines 
present  and  decreased  to  9.775  GHz  with  the  coaxial  lines.  The  .300" 
high  cavity  suffered  the  greatest  change  in  resonant  Q  when  the  coax¬ 
ial  lines  were  used.  The  unloaded  and  loaded  Q  values  were  2494  and 

1247,  respectively,  with  no  coaxial  lines  and  decreased  to  approximate- 

/ 

ly  1/10  these  values,  namely,  296  and  127,  when  loaded  by  the  coaxial 
lines.  The  microwave  absorber  loads  were  posltoned  at  1.623  cm 
('vA/2)  for  the  .300"  high  cavity.  For  both  the  .150"  and  .300"  high 
cavities,  the  test  combiner  exhibited  significant  loading  with  the  ad¬ 
dition  of  the  coaxial  lines.  It  is  seen  in  these  figures  that  near  the 
resonant  frequency,  the  impedance  response  of  the  cavity  circuit  ele¬ 
ments  predominate  while  away  from  resonance  the  impedance  does  not 
approach  zero  but  some  small  value. 

Combiner  Coaxial  Line  Impedance 

The  test  combiner  coaxial  line  measurements  consisted  of  charac¬ 
terizing  the  Impedance  response  at  one  of  the  coaxial  lines  under 
several  variations.  The  Impedance  observed  here  is  the  impedance  of 
the  combiner  network  before  it  is  transformed  through  a  50  ohm  section 
of  line  and  a  A/4  transformer  to  the  diode  plane.  Variations  in 
the  test  combiner  circuit  such  as  shorting  or  matching  the  cavity 
center  probe,  leaving  or  removing  all  other  coaxial  lines,  and  chang¬ 
ing  the  cavity  height  were  Involved  in  these  measurements.  The  pur¬ 
pose  of  varying  these  parameters  was  to  observe  the  changes  in  the 
cavity-to-coaxlal  line  coupling  of  the  THqjq  ***  ™210  *odM* 
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the  coaxial  line  measurements  tiara  Made  over  approximately  the  9.1  to 
10. 5  GHz  frequency  range  which  includes  both  modes.  Xn  the  measure- 
manta  with  the  canter  probe  present ,  the  probe  Impedance  was  critic¬ 
ally  coupled  to  the  cavity  impedance  as  shown  in  Figures  13  and  14. 
Also,  the  microwave  absorber  terminations  were  always  adjusted  for 
maximum  power  transfer  from  the  coaxial  line  circuits  to  the  cavity 
circuit.  This  position  varied  from  1.385  cm  to  1.623  cm  from  the 
cavity  midplam  for  the  .150"  and  .300"  cavity  heights,  respectively. 
For  the  measurements  where  the  center  probe  was  shorted,  a  shorting 
plunger  was  adjusted  inward  until  its  end  was  flush  with  the  cavity 
top  wall,  thus  removing  any  input  at  the  cavity  center. 

Microwave  Absorber  Load  Test  Circuit.  Before  making  an  external  im¬ 
pedance  measurement  at  one  of  the  coaxial  lines,  it  was  desirable  to 
measure  the  impedance  of  the  microwave  absorber  terminating  each  co¬ 
axial  line  and  to  compare  the  measured  results  with  calculated  re¬ 
sults.  To  do  this,  a  test  circuit  which  consisted  of  a  .250"  semi¬ 
rigid  coaxial  line  and  a  .141"  coaxial  air  line  terminated  with  an 
adjustable  microwave  absorber,  whleh  was  similar  to  the  microwave  ab¬ 
sorber  circuit  in  the  test  combiner,  wee  fabricated.  A  cross  section 
of  this  circuit  is  shewn  in  Figure  15.  A  manual  measurement  of  the 
microwave  absorber  impedance  was  made  over  the  9.1  to  10.48  GMs  fre¬ 
quency  range.  As  can  be  noted  in  Figure  16,  the  impedance  of  the 
microwave  absorber  load  appears  as  the  impedance  of  a  transmission 
line  with  a  characteristic  impedance  determined  by  the  BCCOSOtl  ma¬ 
terial.  The  calculated  impedance  response  is  obtained  using  equations 
(20-24)  and  is  shown  as  the  dashed  curve  in  Figure  16.  A  subroutine 
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Figure  IS.  Klcretui*#  Absorber 


of  tho  ZCOKB  program  was  uood  to  calculate  tho  microwave  absorber 
lapedaaca  versus  (rtquncy.  Those  two  curves  srs  quite  similar  is 
shape  and  both  have  approximately  the  same  reference  plane.  The 
slight  difference  between  the  calculated  and  measured  impedances  in 
attributable  to  the  use  of  permittivity  and  permeability  constants 
which  were  measured  at  8.6  GHs.  Thus*  the  equations  used  to  nodal 
the  impedance  response  of  the  microwave  absorber  terminations  are 
fairly  accurate.  To  arrive  at  the  calculated  curve,  the  following 
data  was  used. 

c^-16.2  T/m  11M.6  M/m  a-21  dB/cm 

cJM.136  t/m  u£-.752  1/m  ^10. 5  cm 

The  values  for  the  coefficients  of  the  complex  permittivity  and  per¬ 
meability  constants  were  measured  by  the  manufacturer  of  ECC0SCR1  MF 
116.  The  value  x  la  the  length  of  coaxial  air  l?ne  between  the  ANA 
reference  plane  and  the  microwave  absorber,  and  a  is  the  attenuation 
constant  for  MF  116.  Using  equation  (25)  and  tho  quantities  given 
above, o  la  calcualted  to  be  21.1  dl/cm  at  8.6  CHs  which  comperes 
favorably  with  the  value  given  by  the  manufacturer. 

Coaxial  Line  Impedance  with  the  Center  Frobe  Terminated  in  50  ohms. 
These  seaaurenents  are  graphically  shewn  in  Figures  17  to  20  and 
consist  of  characterising  the  Impedance  response  of  a  single  coaxial 
line  with  either  all  coaxial  lines  present  or  only  the  measured  line 
present  and  with  cavity  heights  of  .130“  and  .300“.  The  general 
equivalent  circuit  representation  for  this  case  la  shewn  in  Figure  ft 
end  the  defining  equation  to  be  referenced  is  (12).  When  all  other 
coaxial  lines  are  removed,  the  equivalent  circuit  must  be  modified  to 


•hov  only  one  output  11m  and  the  constant  N  in  aquation  (12)  suet  be 
Mt  to  one.  By  disregarding  the  resonant  loops  shown  In  thsss  figures, 
tbs  lapedance  is  assn  to  ba  only  tbs  impedance  of  tha  nlcrovsvs  ab¬ 
sorbs  r  as  shown  In  Figure  17.  Thus,  the  test  circuit  used  for  the 
microwave  absorber  inpsdsncs  was  representative  of  the  circuit  in  the 
test  combiner.  The  effect  on  the  lapedance  of  e  single  line  caused  by 
coupling  IF  power  into  the  other  coaxial  lines  is  beat  shown  la  Figure 
19  versus  Figure  20  where  the  cavity  height  is  .300".  The  result  is 
that  the  TMq20  and  TH^  nodes  which  are  critically  coupled  and  great¬ 
ly  overcoupled,  respectively,  in  Figure  19  have  their  coupling  reduced 
significantly.  The  resonant  frequency  also  changes  significantly 

being  reduced  item  9.94  GHz  to  9.775  GHz.  This  occurs  so— what  be¬ 
cause  the  effective  cavity  disaster  is  reduced  with  the  addition  of 
all  the  center  conductors.  The  aode,  previously  auch  over- 
coupled,  actually  la  closer  to  being  critically  coupled  at  its  re¬ 
sonant  frequency  then  the  node  is.  Free  equation  (12),  one  would 

expect  the  coupling  of  the  node  to  iaprove  as  M  was  increased, 

however,  the  unloaded  Q  and  the  external  Q  in  this  aquation  decrease 
repidly  causing  the  lapedance  at  resonance  to  decrees*  also  and  giving 
the  cavity  response  the  appearance  of  a  snail  resonant  loop,  tilth  the 
coupling  to  the  cevity  being  undercoupled,  e  large  portion  of  the  It? 
power  fron  the  source  (i.e.  a  swept  BF  source  or  IHFAVT  diode)  is  ab¬ 
sorbed  into  the  nicrowave  absorber  termination.  To  achieve  maximum 
combining  efficiency,  the  circuit  desig*  will  have  to  be  such  that  the 
coupling  of  it  Unes  to  e  cevity  does  not  prevent  critical  coupling  of 
each  coaxial  line.  This  will  also  more  then  likely  keep  the  TK^q 
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Figure  18.  Coaxial  Line  Impedance,  fo 
Input,  d*.150".  Case  1-in 
Case  2-input  slightly  unde 


Figure  20 


inp 


^  -  I .  !„  WH& JSSP*  <WJ1!  ViW 


node  overcoupled  which  is  desirable  for  single  node  operation.  Figures 
1?  4  19  and  18  4  20  show  the  effect  of  changing  the  cavity  height.  De¬ 
creasing  the  cavity  height  does  not  appear  to  affect  the  TM^^  •*»<* 

™210  re80nant  frequencies  but  does  appear  to  moderately  affect  the 
coupling  of  the  coaxial  line  to  the  cavity.  A  decrease  in  cavity 
height  causes  a  decrease  in  unloaded  circuit  Q  as  can  be  seen  from 
equation  (5)  or  Table  3  and  subsequently  the  impedance  response  de¬ 
creases.  In  the  measurement  of  coaxial  line  Impedance  with  four  lines 
present,  a  SO  ohm  input,  and  a  cavity  height  of  .150"  (Figure  18), 
the  resonant  cavity  response  was  nearly  eliminated  with  the  center 
probe  being  critically  coupled.  However,  the  cavity  response  was 
restored  when  the  center  probe  was  slightly  undercoupled. 

Coaxial  Line  Impedance  with  the  Center  Probe  Short  Circuited.  These 
measurements  were  performed  to  demonstrate  the  effect  the  input  cir¬ 
cuit  has  on  the  Impedance  matching  of  the  coaxial  lines  to  the  cavity. 
By  short  circuiting  the  combiner  input  probe,  the  external  load  and 
ideal  transformer  representing  input  coupling  in  the  equivalent  cir¬ 
cuit  is  removed  from  consideration  as  shown  in  Figure  21.  Again, 
measurements  were  made  with  and  without  coaxial  lines  at  two  dif¬ 
ferent  cavity  heights.  The  impedance  responses  are  provided  in 
Figures  22  to  25.  With  a  cavity  height  of  .150"  and  only  one  coaxial 
line,  the  coupling  shown  in  Figure  22  to  the  cavity  TM^  *oda  la 
critical  while  the  TM^q  node  coupling  is  overcoupled.  Adding  the 
other  lines  to  the  circuit  again  undercouples  the  coaxial  lines  to  the 
TMq2q  *nd  ™210  wo<^**  *•  in  Figure  23.  However,  the  change  in 
coupling  is  not  quite  as  great  as  when  the  external  input  load  is 
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Figure  21.  Equivalent  Cl: 
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present.  Th«  resonant  frequency  for  the  TO^q  *ni*  IMjio  *°^**  *• 
approximately  9.92  CMx  end  9.23  GHz,  respectively*  sad  is  not  ef¬ 
fected  by  the  addition  or  deletioo  of  coaxial  lines.  Since  the  re¬ 
sonant  frequencies  are  a  function  of  the  cavity  radius,  the  addition 
of  the  coaxial  lines  affects  the  cavity  radius  nlnlaally  for  this  tast 
coablner.  This  is  not  necessarily  true  in  larger  power  combiners, 
however,  where  nany  coaxial  lines  would  be  present.  Both  the 
and  1^210  *****  *re  overcoupled  as  shown  in  Figure  24  (l.e.  no  at  of 
the  RF  power  is  absorbed  into  the  cavity  walls)  for  the  case  of  one 
coaxial  line  and  a  cavity  height  of  .300".  Comparison  of  this  figure 
with  Figure  19  where  the  input  is  not  shorted,  deaonstrates  the  rel¬ 
ative  effect  the  external  load  has  on  the  loaded  Q  of  the  circuit. 

The  difference  in  the  IM^q  response  is  snail  while  the  response 

changes  moderately.  This  Indicates  that  the  external  circuit  impedance 
(usually  30  ohms)  has  more  of  a  shunting  effect  on  the  TOjio  ***** 
Including  the  coaxial  lines  to  the  short  circuited,  .300“  high  cavity 
again  reduces  the  coaxial  to  resonant  mode  coupling  but  the  reduc¬ 
tion  is  much  less  than  when  a  30  ohm  input  is  used.  The  impedance  data 
so  far  indicates  that  the  external  load  has  a  moderate  effect  on  the 
impedance  at  a  single  coaxial  line  while  addition  of  the  other  lines 
affects  the  impedance  response  significantly  because  of  tha  net  low 
imped ence  shunting  the  csvlty.  As  described  in  the  previous  ease, 
changing  the  cavity  height  does  not  affect  the  8^20  ***  ™210  rNNUt 
frequencies  to  say  great  extant. 


Transmission  Measurements 


Two  types  of  transmission  measurements  were  performed.  They 
wore  comprised  of  measuring  the  transmission  of  RF  power  from  Che 
combine*  center  probe  to  one  of  the  coexiel  lines  end  Measuring  the 
coaxial  llne-to-llne  transmission  (isolation)  properties.  The  first 
measurement  provides  information  on  the  combining  efficiency  of  the 
circuit  and  the  second  provides  Information  on  the  isolation  between 
lines.  The  measurements  were  usds  using  the  ANA  in  the  transmission 
■ode.  The  measured  frequency  range  was  9.0  to  10.5  CHz. 

Center  Probe  to  Coaxial  Line  Transaisslon.  The  transalaslon  coef¬ 
ficient  of  the  test  combiner  in  this  configuration  was  Measured  with 
only  one  coaxial  line  present.  Only  one  line  was  used  because  an  ex¬ 
ternal  combining  network  was  not  available.  The  transmission  aeasure¬ 
aents  as  shown  in  Figures  26  and  27  were  made  using  cavity  heights  of 
.150M  and  .300".  The  input  center  probe  and  the  microwave  absorber 
load  poaltons  were  adjusted  to  give  the  beat  coupling  to  the  TM^ 
mode  possible.  In  the  measurement,  the  center  probe  position  had 
little  effect  on  combining  efficiency  while  the  microwave  absorber 
load  position  had  a  significant  effect.  Thie  indicated  that  the  com¬ 
bining  efficiency  is  primarily  determined  by  the  coupling  of  IF  power 
from  the  coaxial  line  to  the  eavity.  In  general,  the  transmission 
measurements  of  the  test  combiner  indicated  a  higher  than  expected 
transmission  loss.  For  the  .150**  and  .300**  high  cavities  the  trans¬ 
mission  loss  was  6  dt  and  3  dl,  respectively,  which  relates  to  a  231 
end  30X  combining  efficiency.  The  loss  that  occurs  is  attributable  to 
the  cavity  wall  lose,  to  the  spacing  of  the  coaxial  line  center  con- 


57 


due cor  with  respect  to  the  cavity  wall,  and  to  tha  loan  of  power  into 
tha  microwave  absorber.  Tbara  la  alao  approximately  .5  dB  loaa  which 
occuta  at  tha  tranaltion  from  tha  coabinar  coaxial  air  lina  to  tha 
semi-rigid  coaxial  lina  uaad  to  connect  tha  teat  coabinar  to  tha  ANA. 

Aa  tha  coaxial  Una  center  conductor  la  aoved  radially  inward,  tha 
coupling  to  tha  cavity,  and  hence  coabinlng  efficiency,  will  incraaaa, 
but  the  iaolatlon  between  diode  circulta  will  decreaae.  Tha  iapadanca 
of  the  aicrowava  absorber  can  alao  control  efficiency  with  a  load  re¬ 
presenting  a  short  circuit  producing  tha  bast  efficiency.  However,  as 
stated  by  Kurokava  a  short  circuit  presented  to  an  IMPACT  diode  can 
lead  to  instability.  In  general,  tha  circuit  impedance  presented  to 
an  IMPACT  diode  should  always  be  greater  than  or  equal  to  its  nega¬ 
tive  real  part.  A  compromise  between  a  short  circuit  impedance  and 
the  impedance  presented  by  SCCOSORB  HP  116  or  any  other  microwave  ab¬ 
sorber  should  be  possible  and  would  Improve  current  efficiency  po¬ 
tential  of  TM  combiners.  To  achieve  a  lower  impedance  as  suggested, 
a  A/4  transformer  could  be  used  between  tha  microwave  absorber  end  the 
cavity. 

Coaxial  tire-to-Une  Isolation.  This  meaaursmsnt  was  comprised  of 
measuring  the  transmission  loss  between  two  adjacent  coaxial  llnaa  of 
tha  taat  combiner  with  a  - 3Cd"  high  cavity.  One  measurement  was  made 
with  the  center  probe  abort  cireultad  (figure  2B)  and  another  was  made 
with  tha  canter  probe  terminated  la  e  SO  ohm  inpedanca  (figure  29). 

Tha  worst  case  isolation  measurement  shown  in  figure  21  occurs  with  the 
center  probe  short  circuited.  This  figure  indicates  s  10  dB  and  9  dB 
isolation  for  the  end  sodas,  respectively.  Vhen  the  input 
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cion  (dB)  2  Transmission  (dB) 


Is  terminated  in  50  ohms,  the  Isolation  for  the  TM2^q  mode  remains 
approximately  the  same,  but  for  the  TMq2q  mode,  the  isolation  improves 
to  15  dB.  Another  effect  the  50  ohm  input  had  on  the  TMq20  ®°de  vas 
to  shift  its  resonant  frequency  downward  from  9.94  GHz  to  9.85  GHz 
while  the  IM21Q  resonant  frequency  stayed  constant  at  9.29  GHz.  This 
frequency  shift  could  have  occurred  as  the  result  of  a  slight  pertur¬ 
bation  of  the  center  probe  below  the  cavity  top  wall.  The  Isolation 
performance  between  each  of  the  coaxial  lines  is  relatively  good  as 
expected . 

Correlation  of  Measured  and  Calculted  Results 
In  this  section,  the  calculated  impedance  response  for  only  the 
TM02O  rode  of  a  single  coaxial  line  and  then  all  four  lines  is  present¬ 
ed  and  compared  to  the  measuted  responses  shown  earlier.  To  calculate 
the  coaxial  line  impedance  response,  a  program  called  2  COMB  was  used  and 
is  described  in  Appendix  A.  Only  the  TM020  response  was  calculated  be¬ 
cause  of  limited  calculator  memory.  This  program  is  based  upon  Kuro- 
kawa’s  model  but  unlike  his  model,  it  uses  equations  (20-24)  to  de¬ 
scribe  the  microwave  absorber  Impedance.  Two  unknowns  in  the  model 
which  had  to  be  determined  were  the  coupling  coefficients  n^  and  n^ 
whose  values  were  approximated  as  8.41  X  10“*  and  6.5  X  10"*,  respec¬ 
tively.  The  value  of  n|  vas  approximated  with  the  equation  n|»Gc/Z0 
(l.e.  because  Gc  is  not  accurately  known  as  a  result  of  the  scallops) 
when  the  input  coupling  coefficient  6^  is  equal  to  one.  The  value  of 
n|  was  approximated  by  fitting  the  calculated  curve  to  the  measured 
data  for  the  case  of  a  single  coaxial  line.  The  reference  planes  for 
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the  position  of  the  microwave  absorber  and  for  calculating  the  imped¬ 
ance  looking  Into  a  coaxial  line  also  had  to  be  chosen#  These  dis¬ 
tances  were  chosen  as  1.5  cm  and  10.5  cm,  respectively,  which  were 
approximately  the  same  as  used  in  the  coaxial  line  impedance  measure¬ 
ments.  The  calculated  impedance  response  of  a  single  coaxial  line  with 
no  other  lines  present  and  with  a  cavity  height  of  .300"  is  shown  in 
Figure  30.  The  response  is  critically  coupled  at  the  TM^q  resonant 
frequency  (i.e.  10  GHz)  and  has  a  characteristic  impedance  equal  to 
away  from  resonance.  The  calculated  response  shown  compares  favorably 
with  the  measured  response,  using  the  same  parameters,  shown  in  Figure 
19.  By  referring  to  equation  (12),  it  can  be  noted  that  the  coaxial 
line  impedance  should  increase  and  become  overcoupled  as  the  number  of 
coaxial  lines  increases  assuming  no  change  in  loaded  Q.  In  the  mea¬ 
sured  result  of  Figure  20  where  the  number  of  lines  was  increased  from 

one  to  four,  the  impedance  response  became  significantly  undercoupled . 

-4 

To  account  for  this  in  the  calculator  model,  a  new  value  of  .406  X  10 

2 

was  selected  for  the  coupling  coefficient  n2*  The  impedance  response 
with  this  value,  shown  in  Figure  31,  is  very  similar  to  that  of  the 
measured  result  of  Figure  20.  To  explain  this  discrepancy  it  is  sug¬ 
gested  that  even  though  the  number  of  coaxial  lines  is  increasing,  the 
the  loaded  cavity  Q  also  decreases  with  the  addition  of  coaxial  lines 
and  thus,  has  a  more  predominant  effect  on  coaxial  line  impedance  than 
the  value  N.  This  is  substantiated  by  the  measured  results  which  in¬ 
dicated  that  lowering  the  cavity  Q  did  affect  the  impedance  response 
of  the  combiner  network  significantly. 
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CHAPTER  V 


SIAMARY  AND  CONCLUSIONS 

As  stated  in  the  introduction,  the  objective  of  this  investiga¬ 
tion  ties  been  directed  toward  increasing  the  understanding  of  TM 

QflO 

combiner  design.  In  particular,  a  sore  accurate  model  of  the  lope- 
dance  presented  to  an  IMPACT  diode  was  of  Interest.  Toward  this  goal, 
the  theory  of  cylindrical  resonant  cavity  coabiners,  the  circuit 
aodelllng  of  resonant  cavity  coabiners,  and  the  characterization  of  a 
1Mq2o  teat  coobiner  was  presented.  The  general  theory  of  cylindrical 
resonant  cavities  and  the  coaxial  diode  circuits  is  fairly  well  under¬ 
stood  as  is  shown  by  the  design  equations  presented  and  the  charac¬ 
terization  of  the  ?Hq2q  test  coablner.  The  Kurokawa  nodal  was  pre¬ 
sented  and  used  as  the  basic  oodel  for  describing  the  impedance  of  the 
combiner  network  presented  to  the  IMPACT  diode  circuit.  By  comparing 
the  measured  versus  calculated  coaxial  line  impedance  responses  in 
chapter  IV,  it  can  readily  be  seen  that  this  model  does  for  the  most 

part  provide  the  intrinsic  response  of  the  TM  combiner.  To  achieve 

ono 

this  response,  however,  the  coupling  coefficients  were  approximated 
in  order  to  fit  the  calculated  curves  to  the  measured  data.  Addition¬ 
ally,  when  the  number  of  coaxial  lines  was  Increased  from  one  to  four, 
a  smaller  value  of  the  eavlty /coaxial  line  coupling  coafflcient  was  re¬ 
quired  to  again  fit  the  curve.  Thus,  it  is  apparent  that  there  exists 
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■or*  Chin  •  staple  relationship  b*tv**n  Ch*  coaxial  lin*  lapadanc* 
response  and  th*  nuabar  of  coaxial  Unas.  In  fact*  ba causa  eha  ad¬ 
ditional  lines  causa  a  significant  reduction  in  loaded  0  of  the  com¬ 
biner,  the  Kurokaua  aodal  needs  to  be  aodlfied  to  include  the  changes 

2 

in  Q  and  coupling  coefficient,  n^.  Further  coaparlson  between 
aeasured  and  calculated  data  is  needed  to  accurately  deteraine  the 
functional  dependence  of  this  relationship. 

Another  very  important  factor  in  the  design  of  TM _  combiners 

OQO 

is  achieving  th*  highest  coabining  efficiency  possible.  Achieving 
high  coabining  efficiency  is  synonoaous  with  obtaining  aaxiaua  power 
transfer  froa  the  coaxial  lin*  circuits  to  the  cavity  and  vice  versa. 

To  obtain  aaxiaua  power  transfer,  both  aisastch  and  dissipative 
losses  for  the  cavity/coaxial  line  interface  aust  be  minimized.  The 
aisastch  losses  are  minimized  by  critically  coupling  the  coaxial  line 
lapedanc*  to  the  cavity  impedance  at  resonance.  Because  the  number 
o#  coaxial  lines  and  the  cavity  height  significantly  affects  this 
coupling  (l.e.  through  reduction  in  cavity  Q),  the  design  of  1M 

OQO 

combiners  aust  Incorporate  design  rules  which  will  maintain  high  cavity 
Q  for  any  else  combiner.  Generally,  any  perturbation  (e.g.  probes, 
loops,  coaxial  lines)  of  a  resonant  cavity  increases  the  loss  and  de¬ 
creases  the  Q  of  th*  resonant  circuit  under  consideration  with 
saeller  perturbation*  affecting  the  Q  of  a  resonant  circuit  less. 

Thus,  it  is  concluded  that  the  use  of  saeller  eoaxial  lines  would  be 
beneficial  in  improving  coabining  efficiency.  The  dissipative  loss  in 
a  TH  combiner  includes  loss  in  th*  cavity  wells  and  loss  in  tho 
microwave  absorber.  VI th  respect  to  the  well  loss,  the  scalloped 
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contours  for  the  coaxlsl  lines  csuses  the  majority  of  this  loss.  To 
reduce  the  veil  loss,  the  coaxial  line  may  be  moved  closer  to  the 
cavity  with  some  sacrifice  in  isolation  between  diode  circuits. 

Thera  is  also  a  finite  loss  in  the  microwave  absorber  load  and  this 
loss  may  be  reduced  as  stated  earlier  by  decreasing  the  characteristic 
impedance  (e.g.  using  X/4  transformers)  in  front  of  the  absorber.  The 
microwave  absorber  impedance  cannot  be  reduced  too  much,  however,  be¬ 
cause  of  IMPATT  diode  stability  considerations. 

In  summary  additional  experiments  are  needed  in  which  the  phy¬ 
sical  and  electrical  parameters  of  the  cavity /coaxial  line  Interface, 

as  mentioned  above,  are  varied  in  order  to  determine  the  relationship 

2 

between  the  combiner  Q,  the  coupling  coefficient  n^,  and  the  number 
of  diode  circuits  and  also  in  order  to  optimise  the  combining  effi¬ 
ciency.  Furthermore,  even  though  it  was  not  emphasised,  the  model  of 
a  TM_  combiner  should  be  extended  to  include  possible  IMPATT  diode 
interaction  with  nou symmetrical  modes.  No  new  combiner  models  were 
developed  in  this  investigation.  However,  this  investigation  has 
delineated  some  very  Important  aspects  of  Ut  combiner  design. 

OQG 


APPENDIX  A 


ZCOKB  Prograa 

Thi*  progrui  was  daveloped  to  calculate  tha  inpedanne,  Z^,  aa 

a  function  of  frequency  at  a  eingla  coaxial  line  of  a  TH  reeonant 

ono 

coablner .  The  iapedance  can  be  calculated  at  any  convenient  re¬ 
ference  plane  relative  to  the  cavity  nldplane .  The  prograa  la  baaed 
on  the  Kurokava  coabiner  nodal.  Equation  (12)  vaa  rearranged  Into  the 
following  fora  for  eaaier  implementation  In  the  calculator  routine. 

J  Q.G. 

((<‘-044(14 

The  nlcrowave  abaorber  load  inpedanee  la  conputed  in  a  aubroutlne  of 
thla  prograa  and  uaea  equatlona  (20-24).  The  iapedance,  EJ,  la  coa- 
puted  ualng  an  additional  calculator  prograa  called  IN  Z  (Appendix  B) 
idilch  calculates  the  input  iapedance  to  a  length  of  loaded  trane- 
aieelon  line.  A  flow  chart  of  the  ZCOKB  prograa  is  provided  in  Figure 
32  end  a  Hating  of  the  prograa  is  given  in  Table  4.  The  prograas 
ZCOKB  and  IN  Z  are  lapleaented  in  HP’s  Reverse  Polish  Notation  language 
for  uae  on  the  HP  41C  progra— able  calculator.  To  run  the  prograa,  it 
la  called  froa  neaory  and  the  1H  coabiner  paraaetera  are  entered  in¬ 

to  regletera  0-32  and  the  X4T  stack  reglatera.  A  listing  of  the  regis¬ 
ter  inputs  is  provided  in  Table  3.  The  start,  stop,  and  step  fre¬ 
quencies  in  HNs  are  next  entered  and  individual  data  points  of  Z£  are 
calculated  aa  a  function  of  frequency  with  each  run. 


a£) 

2.6/ 


(28) 


=  Z, 
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Z.  Subroutine 


fiture  32 (coo1 t). 


TABLE  4.  ZCOKB  Progrs*  Listing 


Address 

Ksy 

Coswnt 

Addrsss 

XflY 

01 

LBL  ZCCMB 

46 

KCL  31 

02 

INPUT  DATA 

47 

/ 

03 

AVIEW 

48 

STO  26 

04 

STOP 

49 

XEQ  ZA 

05 

/ 

50 

CuST 

06 

STO  00 

51 

KCL-27 

07 

1 

52 

1/X 

08 

♦ 

53 

STO  30 

09 

STO  *  00 

54 

RCL  11 

10 

1/X 

55 

* 

11 

STO  22 

56 

.02 

12 

KCL  10 

57 

* 

13 

STO  *  00 

58 

1 

14 

STO  /  22 

59 

♦ 

15 

PI 

60 

STO  29 

16 

STO  +  X 

61 

KCL  12 

17 

STO  *  00 

62 

STO  *  30 

18 

30 

63 

KCL  26 

19 

* 

64 

STO  /  29 

20 

STO  *  22 

65 

STO  /  30 

21 

66 

KCL  15 

22 

67 

STO  *  29 

23 

STO  /  00 

68 

SJO  *  30 

24 

ACL  09 

69 

25 

STO  *  22 

70 

KCL  23 

26 

F1* 

71 

STO  *  29 

27 

72 

SJO  *  30 

28 

STO  *  00 

73 

29 

FSTAKT-? 

OflU) 

74 

30 

PtOHPT 

73 

KCL  29 

31 

STO  23 

76 

X*Y 

32 

FSTOP-? 

(KXs) 

77 

XEQ  CPIHV 

33 

PtOHPT 

78 

KCL  30 

34 

STO  24 

79 

0 

35 

STEP-? 

(HHs) 

80 

XEQ  CHULT 

36 

PtOKPT 

81 

KCL  08 

37 

STO  25 

82 

ta  07 

38 

LBL  01 

83 

XEQ  CADD 

39 

*Ct  23 

tCL  FSTABT 

84 

STO  04 

40 

SQtT 

83 

xh 

41 

STO  31 

* 

84 

STO  03 

42 

tCL  00 

87 

ta  23 

43 

* 

88 

ta  32 

44 

STO  27 

€ 

89 

XEQ  IS  l 

43 

KCL  22 

90 

»-r 

71 


Count 

«c 


v  v*; 

^Okti.) 


TABLE  4<coo’t) 


M4mt 

Uj 

COMMt 

Kav 

$1 

50 

136 

STO  05 

92 

/ 

137 

ACL  23 

93 

M 

138 

AT*  13 

94 

X- 

139 

XEQ  IN  Z 

95 

AJtCL  X 

140 

KTN 

96 

APPEND  T 

141 

LSL  02 

97 

UCL  Y 

142 

END 

98 

AVIEV 

99 

TONE  6 

100 

STOP 

101 

ACL  24 

102 

ACL  23 

103 

X>  Y? 

f  FSTOP? 

104 

CTO  02 

105 

XCL  25 

106 

STO  +  23 

f-PSTAIT+STEP 

107 

CTO  01 

108 

L1L  ZA 

Z.  subroutine 

109 

ACL  17 

A 

110 

ACL  16 

111 

ACL  31 

112 

* 

113 

F-A 

114 

ACL  18 

115 

ACL  23 

116 

* 

117 

ACL  19 

118 

X*Y 

119 

P-A 

120 

XEQ  CADO 

A+juL 

121 

A-P 

122 

ACL  20 

123 

ACL  23 

124 

* 

ijuC| 

123 

/ 

126 

Ad  19 

127 

STO  -  Z 

128 

At 

129 

SQAT 

130 

2 

131 

STO  /  Z 

132 

A* 

1*0*1 

133 

P-A 

134 

STO  04 

135 

X*Y 

Z^lact.) 
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TABLE  5.  ZCOKB  Program  U|lit«r  Listing 


toilitir 


Cavity  height,  d(in.  or  ai) 

Cavity  radius,  a (in.  or  ce) 
t 
t 
t 

Coaxial  lino  char ac tar is tic  lapedance, 

t 

t 

t 

t 


Z  **30 

O 


09  Bassal  function  ordered  saro  % 

10  *#//f-3.21«  X  io~*  2 

11  Input  coupling  coefficient,  n^  2 

12  Output  coupling  coefficient,  ran. 

13  Distance  fro*  cavity  aidplaae  to  microwave  absorber,  x(csi) 

1*  J  (r  ** 

13  cavity  center  frequency,  f  (MBs) 

14  |m/^|]-.1209 

17  OL//r—l2.5r 

IB  |jeL/f|-l.«02 

19  4juL/f-44.B2°  . 

20  ( jwC/f |*4.994  X  UfJ 

21  4JeC/f«86° 

22  t 

23  Start  frequency,  FSTAKTfNBs) 

24  Stop  frequency,  FSTOP(MHr) 

23  Step  frequency,  STIPQQte) 

24  t 

27  ♦ 

21  t 

29  t 

30  t 

31  ♦ 

32  Distance  free  reference  plans  to  cavity  eidplsne,  i(cn) 
f- Intermediate  calculations 


4  fa  >4  &  Uxii'tAt-tuJ-  iJa 


APPENDIX  B 


IN  Z  Program 

This  program  calculates  the  input  impedance,  Z  to  a  length 

of  lossless  transmission  line  with  characteristic  impedance  Z  and 

o 

complex  load  Z^R^+jX^  using  the  following  well  known  equation 


-  j  Zr\+jZot<LnBJ 
~  °7o+jZ«tanM 


(29) 


By  substituting  into  this  equation  and  rationalizing  this  complex 
ratio,  the  solution  of  Rq+1  and  Xq+1  may  be  found.  These  quantities 
are  as  follows, 


D  -  RnZ/ 

Kr\+|-  (30) 

y  _  zdhZ»COS 26 1 {Zo-Rn-X* )SlN8C0$e\ 

'MUl  p  (31) 

e=Bl  D=(4cose-x„swe)  +  (RnSinej* 


A  program  listing  of  this  program  is  provided  on  page  75.  To  run  the 
program,  it  is  called  from  memory  and  the  transmission  line  length,  t, 
end  frequency  are  entered  in  the  X  and  Y  stack  registers,  respectively. 
The  Re(ZQ+1)  and  Im(Zn+1)  are  stored  in  storage  registers  7  and  8,  re¬ 
spectively. 


TABLE  6.  IN  Z  Program  Listing 


Address  Key  Comment 


01 

LBL  IN  Z 

02 

RAD 

03 

* 

04 

PI 

05 

STO  +  X 

06 

* 

07 

3  X  104 

08 

/ 

09 

COS 

10 

STO  01 

COS  0 

11 

LAST  X 

12 

SIN 

13 

STO  02 

SIN  0 

14 

RCL  03 

15 

R  + 

16 

RCL  04 

17 

RCL  05 

18 

R4- 

19 

X»Y 

20 

* 

21 

X2 

22 

RCL  02 

23 

R  + 

24 

* 

25 

R  + 

26 

RCL  03 

27 

* 

28 

29 

30 

X2 

31 

+ 

32 

STO  06 

D 

33 

RCL  03 

34 

X2 

35 

RCL  04 

36 

* 

37 

X*Y 

38 

t 

39 

STO  07 

*N 

40 

RCL  03 

41 

X2 

42 

RCL  04 

43 

X2 

44 

- 

45 

RCL  05 

Address 


46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 
62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

74 

75 


J£L 

X2 

RCL  01 
BCL  02 
* 

* 

RgL  01 

RCL  02 
X2 


Content 


RCL  03 
RCL  05 
* 

* 

+ 

RCL  03 

* 

RCL  06 

/ 

STO  08  Xjj+1 
RCL  07 
X- 

ARCL  X 

APPEND  Y 

ARCL  Y 

AVIEW 

DEG 

RTN 

END 
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